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PREFACE 


The NASA Workshop on Impact Damage to Composites was sponsored by the 
Mechanics of Materials Branch of NASA Langley Research Center. The workshop 
was held on March 19 and 20, 1991 at Langley Research Center, Hampton, 
Virginia. The objective was to review technology for evaluating damage 
tolerance of composite structures with impact damage and identify 
deficiencies. The number of registered participants was 40, representing 
industry, government, and universities; a list is included. The participants 
were specialists in the field of impact damage and composites. The workshop 
was divided into the following five sessions: 

I - Impact Mechanics and Scaling 
II - Damage and Strength Predictions 
III - Standard Tests 
IV - Design Criteria and Certification 
V - Identification of Technology Deficiencies 

The review, which was conducted in Sessions I-IV, consisted of invited talks 
that covered research and development, design, and criteria. Technology 
deficiencies were identified and discussed in Session V, Mr. C. C. Poe, Jr. 
moderated the sessions. This conference publication is a compilation of the 
slides used by the speakers in Sessions I-IV and a List of Actions to Address 
Technology Deficiencies that were recommended by the participants in Session 
V. 
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• Standardize philosophy of distinguishing between damage resistance and 
damage tolerance. 

• Standardize coupon type impact test. 

• Develop methodology to relate results from standard impact tests of 
coupons to structures. 

• Develop analyses to reduce the amount of testing currently used in the 
building block approach to verify a design. 

• Develop progressive damage analyses. 

• Address unique requirements of fuselage type structure. 


Damage Resistance 

• Develop a measure of extent and degree of impact damage, particularly 
one that relates to a threshold for detection. 

• Develop understanding of strain-rate effects. 

• Develop failure criteria to predict damage. 

• Determine preload effects. 

• Develop method to predict delamination growth in fatigue. 

• Determine residual stress effects. 

• Develop relationship between ply cracking, interlaminar toughness, and 
damage resistance. 

• Develop local contact stiffness relationship that accounts for damage 
and other nonlinearities. 


Damage Tolerance 

• Develop failure criteria. 

• Determine effects of biaxial loading and shear loading. 


Criteria 


• Survey airlines to determine frequency of impacts that can damage 
composite structures . 

• Determine effects of applying limit load cycles to fatigue test 
article . 

• Perform probability analysis to relate factor of safety to level of 
impact energy. 

• Determine if criteria should result in strengths that are very 
sensitive to changes in level of energy or damage. 

• Determine effects of oblique impacts. 

• Determine how to account for impacter shape. 
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Composition and Analysis 
of the Impact Force Curve 
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Limited to rectangular plates but can 
accommodate any boundary conditions 
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Zener/Olsson Model 

One-parameter dimensionless analytical model. 
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indentation 

dimensionless impact parameter 



Mittal's Equation 
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= dimensionless shear parameter 

Evaluated using a recursive relationship 
with a time step of 0.01 



Results 



Effect of Kinetic Energy, Plate Thickness, 
Shear Deformation, Plate Size, and 
Boundary Conditions 



Sample Force Histories 

48 ply, 12.7 x 12.7 cm ss-ss, K.E. = 13.6 J 
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Composition of Impact Force Curve 
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Correlation between Analyses 

48 ply, 12.7 x 12.7 cm ss-ss, K.E. = 13.6 J 
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Normalized Dynamic Deflections 

48 ply, 12.7 x 12.7 cm ss-ss, K.E. = 13.6 J 
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Effect of Kinetic Energy 
on Impact Force 

48 ply, 12.7 x 12.7 cm ss-ss 
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Velocity, m/s 




Effect of Shear on Impact Force 

12.7 x 12.7 cm ss-ss, K.E. = 13.6 J 
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Velocity, m/s 




Effect of Plate Size on Impact Force 

48 ply, ss-ss boundaries, K.E. = 13.6 J 
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Velocity, ms 




Effect of Boundaries on Impact Force 

48 ply, K.E. = 13.6J 



22 


Velocity, m/s 



Concluding Remarks - Low Velocity 
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e impact problem. 



Concluding Remarks - High Velocity 

ZENER / OLSSON EQUATION: 
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Limited to isotropic or quasi-isotropic plates. 
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IMPACTING LARGE COMPOSITE STRUCTURES 
AND SCALING IMPACT RESPONSE AND DAMAGE 
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THE USE OF FILAMENT WOUND CASES FOR THE 
SPACE SHUTTLE SOLID ROCKET BOOSTER 
REQUIRED AN UNDERSTANDING OF THE EFFECTS 
OF DAMAGE ON CASE PERFORMANCE 
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FWC IMPACT DAMAGE INVESTIGATION LOGIC 
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FWC IMPACT FIXTURE AND INSTRUMENTATION 
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MEASURABLE QUANTIFIED DEFINITION OF VISIBLE 
DAMAGE THRESHOLD DEVELOPED WITH HELP OF QC 
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5-MIL DEPRESSION IS GREATER THAN ARMALON IMPRINT TEXTURE 



QUANTITATIVE VISUAL DAMAGE THRESHOLD 

DEFINED FOR FWC 
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THREE-SIDED 



DAMAGE FROM IMPACT IN QS WAS DIFFERENT 

THAN IN FS 
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ONLY HIGH LEVEL DAMAGE CAUSED STRENGTH 

LOSS (10%) ON QS RINGS 
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HERCULES 




THE FWC IS TOLERANT TO HIGH IMPACT LEVELS 

BASED ON FS RING TESTING 
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HERCULES 
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RESULTS OF LITERATURE SEARCH/INDUSTRY 
SURVEY WERE PRESENTED AT WORKSHOP 
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PROBLEM: IMPACT DAMAGE OF COMPOSITE 
CYLINDERS IS NOT WELL UNDERSTOOD 



HERCULES 
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APPROACH: DO SUFFICIENT ANALYSIS UP-FRONT 
TO DESIGN INTELLIGENT TEST MATRIX 
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ANALYSIS RESULTS WERE INSTRUMENTAL IN 

DESIGN OF TEST MATRIX 
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HERCULES 


EXPERIMENTAL TEST MATRIX BASED ON 

ANALYSIS RESULTS 
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13-IN. DIA (A = 3.3) 


COMPREHENSIVE DATA WAS COLLECTED 
FROM IMPACT TESTS 
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HERCULES 
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ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 


49 


ORIGINAL PAGE IS 
OF POOR QUALITY 





SCALED PLATES AND STRAIN GAGES 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
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FLAT PLATE IMPACT HOLDING FIXTURE 



ORIGINAL PAGE IS 
OF POOR QUALITY 


88C7660 


AIRGUN IMPACT TEST FIXTURE 
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ORIGINAL PAGE IS 

OF POOR QUALITY 


HERCULES 












12-IN. CYLINDER IMPACT SITE CONFIGURATION- 
TWELVE IMPACTS PER CYLINDER 
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GRiGSNAL PAGE IS 
OF POOR QUALITY 


PENDULUM IMPACT TEST FIXTURE 
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PENDULUM IMPACT EVENT INSTRUMENTATION 



ORIGINAL PAGF IS 
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QUASI-STATIC RESPONSE OF PLATES PREDICTED 
WELL BY RAYLEIGH-RITZ, SHEAR DEFORMABLE. 

IMPACT MODEL 
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DYNAMIC RESPONSE OF PLATES PREDICTED WELL 
BY RAYLEIGH-RITZ, SHEAR DEFORMABLE, 

IMPACT MODEL 
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TIME (pSEC) 




PLATE RESULTS OBTAINED SUPPORT CONCLUSIONS 

FROM 2 DOF MODEL 

• "TYPE" OF RESPONSE DEPENDS ON IMPACTOR/TARGET FREQUENCY RATIO (NOT 
VELOCITY OF IMPACTOR) 
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HERCULES 


CYLINDER RESPONSE ALSO FOLLOWS THE 
FREQUENCY RATIO RULE 
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TIME 



RESULTS OBTAINED SUPPORT CONCLUSIONS 

FROM 2 DOF MODEL 
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THE TRENDS OBSERVED ON THE FLAT PLATES ARE 
CONSISTENT WITH THOSE OF THE CYLINDERS 

4-IN. TUBE IMPACT TESTS-09D; FILE: 4IN9D 
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0.50 1.00 1.50 2.00 2.50 3.00 

TIME (MSEC) 



RESPONSE SCALES AS PREDICTED BY 
DIMENSIONAL ANALYSIS 
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CYLINDER STRAIN 
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11/4 


SIZE EFFECTS APPEAR IN DAMAGE 
AND STRENGTH SCALING 
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CLAMPED 
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SCALING 
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FIBER BREAKAGE DATA FOR CYLINDERS IS LESS 
CONCLUSIVE BECAUSE OF INCREASED DATA SCATTER 



(U!) LftBuSl 
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V/V 3 




RESIDUAL STRENGTH FOLLOWS DAMAGE 
SCALING TRENDS FOR PLATES 
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Normalized Velocity V/V3 




4-IN. X 4-IN. PLATE VISUAL IMPACT DAMAGE 
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ORIGINAL PAGE IS 
OF POOR QUALITY 







4-IN. TUBE VISUAL IMPACT DAMAGE 



74 


ORIGINAL PAGE IS 
OF POOR QUALITY 





TUBE RESIDUAL STRENGTH DATA SUPPORTS 
DAMAGE TRENDS, WITH IMPACTOR 
GOEMETRY EFFECTS 



ocor'-toio^-eoej-*-© » 

ddddddddd 


gjBu0j;s peBeurepun/mBueJiS lenp.isay 


75 


Normalized Velocity V/V3 



SUPERIMPOSED RESIDUAL STRENGTH DATA FOR 2X2 
FLAT PLATES AND 4-IN. TUBES (SAME LAYUP AND THICKNESS) 
SUPPORTS FEASIBILITY OF SUBELEMENT APPROACH 
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Normalized Velocity V/V3 




DAMAGE AND STRENGTH SCALING MAY BE ABLE 
TO BE ACHIEVED THROUGH RESPONSE SCALING 
WITH REDUCED IMPACT VELOCITIES 
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CLAMPED 
(X = 4 ) 
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epartment of Aeronautics and Astronautics 
^ Stanford University / 
Stanford, California 94305 




OBJECTIVE 


A MODEL TO PREDICT: 

• Damage Initiation Load 

• Delamination 

Locations 

Sizes 

Shapes 


NEED: 

• Stress Analysis 

• Damage Model 

understanding of phenomena 
data 


* 
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DAMAGE INITIATION 


• OBSERVATION: Delaminations Accompanied 

by Matrix Cracking 

• POSTULATE: Matrix Cracking is a Precursor 

to Delamination 

Initiation Load when Matrix Cracking Occurs 

a) Gosse, et al 

2 (°yy + Gzz ) + ^4 ( a yy ~ a zz) + a yz - Y 

b) 3-D Tsai-Wu 

c) 3-D Hashin 
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DELAMINATION 


POSTULATES 

• Matrix Cracking Must Be Present 

• Crack Must Open 

• Sufficient Strain Energy Available to Cause 
Delamination 


S > TdA 

t 

function of stresses 
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ANALYSIS - SOLUTION 


STRESS ANALYSIS 

Modified Wu-Springer Finite Element Method 

Each Edge: Free, Simply Supported, or 

Clamped 

Static or Dynamic Load 

Load Applied Over Finite Area 

Use Plate Symmetry for Computational 
Speed 

DELAMINATION 
Step by Step 

USER FRIENDLY COMPUTER CODES 



delaminated area 


\ 






CONTACT FORCE (Ibf) IMPACTOR VELOCITY (in/sec) 




TIME (jusec) 






DISPLACEMENTS at TIME = 25 |i sec 
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COMPUTER CODES 

! 

! 


STRESS ANALYSIS (IMPACT) 

DELAMINATION ANALYSIS (DELAM-TRL) 

COMBINED STRESS AND DELAMINATION 
ANALYSIS (IMPACT-ST) 


USER FRIENDLY 



TESTS 


OBJECTIVE: 

• To Obtain Comprehensive, Systematic Data Set 

- To Gain Understanding of the Phenomena 
■ Verify Present Model 

- Verify Future Models 


STATIC 

DYNAMIC 
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TESTS 


Materials (all ICI/Fiberite) : 

T3 00/976 (Thermoset) 

IM7/977-2 (Toughened) 

APC-2 (Thermoplastic) 

IMPACT STATIC 

V = 50-225 in/sec 

E = 0 - 65 lbf-in 

m = 0.355 - 0.963 lbm 

R = 0.125, 0.25 in. R = 0.25, 0.5, 1.0 in. 

L s 4 in. L = 3, 4, 5 in. 
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DAMAGE INSPECTION 

C-Scan 

X-Ray 

Microscope (sections) 


MEASUREMENTS 


• Damage Initiation Load 

• Occurrence of Matrix Cracking 

• Delamination 

Shapes 

Sizes 

Locations 



Illustration of a typical C-scan result 
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Dlustration ofa typical 



x-ray result 



ORIGINAL PAGE IS 
OF POOR QUALITY 
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; ; ' U. , 

• Thickness of Bottom Ply Group 


• Mismatch Angle 

• Plate Thickness 

• Nose Radius 

• Plate Length 
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Input Energy, E (lbf-in) 













Delamination Length, 1 D (in) 


i 



Impact Velocity, V (in/sec) 
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T300 / 976 
[0 4 '90 4 1 s 


STATIC 


IMPACT 


E= 4.2 lbf-in 


= 119 in/sec 


U.J 


8.3 lbf-in 


141 in/sec 


13.4 lbf-in 


162 m/sec 


Length Coordinate, x (in) 











SUMMARY 

• Tests 

Insight 

Large Data Set 

• Damage Initiation Model 

• Delamination Model 

• User Friendly Codes 

Engineering Design Tool 

i 

• Verification 
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PRECEDING PAGE BLANK NOT FILMED 



Impact Damaged Composites, Part 1: Damage Simulation and Strength Predictions 
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Impact Damaged Composites, Part 1 : 
Damage Simulation and Strength Predictions 
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Silver Bullet Syndrome 
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Program addresses critical structural issues. 

NASA/BOEINu I 
ATCAS 





Critical Compression Load Condition in Keel and Lower Side Quadrants Aft of Wheel Well 

(Note Load Redistribution Near Keel Beams and Major Cutouts) 
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Note: Oescrete keel beam loads are not shown. Positive load indicates 

COMPRESSION (KIPS/IN). All loads are for 2.5 g ULTIMATE load condition. 


Critical Shear Load Condition in Keel and Lower Side Quadrants Aft of Wheel Well 

(Note Load Redistribution Near Keel Beams and Major Cutouts) 
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Problem Definition 
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Material Selection 



Material Models and Damage Characterization Tests are Needed 
to Understand the Critical Impact Threat for New Material Forms 
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Standard Coupons Stiffened Structure 





Issues that Should be Addressed to Make Material Selections 
that are Both Economically & Structurally Sound 
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Changing Failure Mechanisms 
Interactions With Material Dimensional Scales 




Relationship Between Material Screening 
Test Results and Structural Performance 
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Standard Coupons 1 0 in. Wide Plate 

(0.25" Open Hole) (2.5" Notch) 





Notched Plate Stress Distributions and Tow Material Dimensional Scale 




A Need to Understand Fundamentals in Four Areas 

Damage Resistance Versus Damage Tolerance 
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Drop weight impact energy, J (in lb) 


Boeing ATCAS Goals in Studying Impact Damaged Composites 
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Damage Tolerance: Impact Damage and 
Through Penetration 
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AL1823.36 DR1G 



Resin Rich Interlaminar Layer Architecture 


ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 
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IM7/8551-7 T800H/3900-2 



Compressive Damage Tolerance of Three Materials 

Standard Quasi-Isotropic Layup, Ply Thickness = 0.0074 in. 
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DAMAGE DIAMETER, (in) 



Interlaminar Toughness is Critical to Impact Damage Resistance 



(10) (2.0) (3.0) - /JnlH/ln 2 \ 

Damage Diameter, cm (in) ^nc 1 ' D/ ' 












Three Parts to a Damage Tolerance Curve Dominated by Sublaminate Stability 
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Beware of Alternate Failure Modes for New Material Forms 
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Sublaminate Diameter, cm (in) 




Impact Damaged Composites, Part 1 : Damage Simulation and Strength Predictions 
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Standard Specimen Tests for Fuselage Applications 


Potential Impact Damage States 
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Cross-Sections of Impacted Specimens 



ORIGINAL PAGE IS 
OF POOR QUALITY 


HL15<M8.1S 
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ORIGINAL PAGE 1$ 

OF POOR QUALITY 
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Aircraft Fuselage Critical Load Conditions 




Characteristic Damage State 
Caused by Impact 
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HL1568.28 Rlh 


ACDP10 
Ply 1 
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HL 1568.20 Rlh 




Ply 2 
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HL1568.21 



































Ply 3 



HL 1568.22 Rlh 
































elamination on surface of current ply 






Ply 5 
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HL 1568.24 Rlh 




























































Delamination on surface of current ply 
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ublaminates for (-45, 0,4 5, 90) ns Laminates 







Sublaminate Buckling Model 
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CL1568.03 Rlrk 




Reduced Stiffness Calculation 
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1. Load carried by damaged area becomes constant following local buckling 

2. Strain compatibility between damaged and undamaged material at failure 
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Inches 



Predictions and Experimental Results for 12.7 -cm Wide Specimens 
AS61 3501-6, ( 45/01-45/90)^^ , and Ply Thickness = 0.0188 cm 
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Damage diameter, cm (in) 






Experimental Displacement and Strain Contours 

IM7/8551-7, (45,90,-45,0)^, Damage Diameter = 1.28 in. 
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OrtJGI^AL PAGE tS 
OF PC QUALITY 


Azitl StninFMd, Specimen W77- 1-1. 23000 lb 

Measured Strain Concentration at 80% of failure is between 1 .19 and 1 .72 
Calculated Strain Concentration at failure is 1 .92 




Experimental Displacement and Strain Contours 

IM7/3501-6, (45, 90, -45, 0)r s , Damage Diameter = 2,6 in. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 



Diameter of Buckled Region vs. Normalized Load 

IM7/3501-6, (45,90,-45,0)^ 
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Load/Failure Load 



Predictions and Experimental Results for 10.2-cm Wide Specimens 
T800H/3900-2, (45101-45190) 3S and Ply Thickness = 0.0194 cm 
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Damage diameter, in 



Predictions and Experimental Results for 10.2-cm Wide Specimens 
T800H/3900-2, (45/01-45/90) 4S and Ply Thickness = 0.0151 cm 
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CL1568. 




Sublaminate StabilityIReduced Stiffness Predictions 
of CAI for Laminate Layup : ( 45 3 , 90s, ~^ 3 > ® 3 )s 



Damage diameter, cm 




STAGSC-1 Finite Element Grid 
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HL1568.1 1 



LVDT Measured Specimen Stability 
Laminate Layup: (45 3 /90 3 /-45 3 /0 3 ) s 



160 


Stress, MPa 
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TOWARDS A METHODOLOGY 
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TWO MAJOR ISSUES 
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Langley*2 



MODULARIZED APPROACH OVERVI 



Local Strain Field 


Damage Predictions 



Performance Prediction 





RESPONSE OF LAMINATE TO IMPACT 
s DIVIDED INTO LOCAL AND 

GLOBAL RESPONSES 
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IMPACT EVENT GLOBAL MODEL 
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wmark Beta implicit time marching scheme 



GLOBAL DYNAMIC RESPONSE 
IS WELL-PREDICTED 
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Y. Qian and S.R. Swanson, "Experimental Measurement of Impact 
Response in Carbon/Epoxy Plates", Proceedings of the 30 th 

AJ M/ASME/ASCE/AHS Structures. S tructural D ynamics and 
Materials Conference 1QRQ 




MODULARIZED APPROACH OVERVIEW 
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. Failure Criteria for Component 




LOCAL CONTACT PROBLEM 
SOLUTION APPROACH 
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Resulting strains rotated into ply principal axes 



LOCAL STATIC INDENTATION 
RESPONSE IS WELL-PREDICTED 
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Approoch o, mm 






DAMAGE PREDICTIONS 
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• Mode of failure indicated 



SPECIFIC EXAMPLE 
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PLY-BY-PLY DAMAGE PREDICTIONS 

[±45/0U 
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ORIGINAL PAGE IS 
OF POOR QUALfTY 


X-Ray Photograph Ultrasonic C-Scan 

(DIB enhanced) (pulse-echo) 



NDE RESULTS 

[±45/0] 2 S AS4/3501-6 Graphile/Epoxv 
1 90 mm x 70 mm Clamped (x) - Free (v) 

12.7 mm diameter steel sphere 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


X-Ray Photograph Ultrasonic C-Scan 

(DIB enhanced) (pulse-echo) 






Impacl Energy, Joules 





IMPORTANT FACTORS IN 
DAMAGE RESISTANCE 
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ability of surface to conform to indentor is important 
* Preload does affect damage resistance 
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Damage resistance is a combined material/structural property 
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ALL DAMAGE POSSIBILITIES 
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Local Strain Field 


. Failure Criteria 
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Performance Prediction 



Damage Diameter, mm 
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SANDWICH CONSTRUCTION INTRODUCES 
! MANY POTENTIAL FAILURE MODES 





t 











DIFFERENT ANALYSES NEEDED FOR 
VARIOUS LOADING TYPES/POTENTIAL 
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bach damage type and mode requires consideration 
Requires medium mechanics (ply level) or 

micromechanics approach 
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L angley-5 


MODULARIZED APPROACH OVERVIEW 

I 1. Global Analysis of Impact Event 
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. Failure Criteria for Component 



^DAMAGED LAMINATE STRAIN ANALYSIS 



Model Based on Lekhnitskii's Complex Potentials 



DEGRADATION ASSUMPTIONS 
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MODULARIZED APPROACH OVERVIEW 
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. Failure Criteria for Component 


RESIDUAL STRENGTH PREDICTION 
FOR IN-PLANE FRACTURE 
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IN-PLANE FRACTURE 
IS REASONABLY WELL-PREDICTED 



Damage Diameter, mm 
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Two-dimensional planform damage information is not 

sufficient to predict compressive residual strength due 
to impact. 




dependent upon impact method? 



GENERAL TEST PROCEDURES 



aluminum honeycomb base 
Test configuration quasi-statically in compression 



COMPRESSION TEST SPECIMEN 
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FM-123-2 Adhesive 




* test data shows minimum exists 





MINIMUM APPEARS TO BE 
INDEPENDENT OF IMPACTOR MASS 
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Impact Velocity (m/sec) 




NEEDS 
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EXTEND METHODOLOGY TO 
STRUCTURAL CONFIGURATIONS 
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A minimum compressive residual strength exists 
which may be independent of impactor mass 


SUMMARY (cont.) 
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Langley- 10b 
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STANDARD IMPACT TESTS 
USED AT LOCKHEED 
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PRECEDING PAGE BLANK NOT FILMED 


NASA WORKSHOP ON IMPACT DAMAGE TO COMPOSITES 

MARCH 19-20, 1991 

LOCKHEED AERONAUTICAL SYSTEMS COMPANY 
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LAMINATE IMPACT TESTS 


!< cc 

z> w 
-i b 

< < 


^ co 
b O 

p i 

z° 


oi 

5 H 


O o Q <0 


g;£ 

Iw 


213 



IMPACT COMPRESSION SUBPANEL 



IMPACT COMPRESSION SUBPANEL 




COUPON LEVEL IMPACT TEST APPARATUS 
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(through thickness) 





PLY LEVEL IMPACT DAMAGE C-SCAN ANALYSIS 



ORIGINAL PAGE IS 
OF POOR QUALITY 








OSiGF^AL PAGE IS 
OF POOR QUALITY 
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LOCKHEED STANDARD COMPRESSION 
AFTER IMPACT COUPON 
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C-Q 

IMPACTED COMPRESSION COUPON 




ORIGINAL PAGE IS 
OF POOR QUALITY 


IMPACT DAMAGE 




COMPRESSION AFTER IMPACT 



DAMAGE AREA (IN 2 ) 
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DYNATUP IMPACT SYSTEM 



ORIGINAL PAGE IS 
OF POOR QUALITY 


COMPARATIVE C-SCANS OF DYNATUP AND LOCKHEED 

IMPACT SYSTEMS 



ORIGINAL PAGE IS 
OF POOR QUALITY 
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LOCKHEED 



MICROGRAPHIC COMPARISON OF DYNATUP 
AND LOCKHEED SYSTEMS 
1920 IN. LBS./IN. 






2880 IN. LBS./IN. 



MICROGRAPHIC COMPARISON OF DYNATUP AND 

LOCKHEED SYSTEMS 
2880 IN. LBS./IN. 



ORIGINAL PAGE IS 
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SUBCOMPONENT IMPACT TESTS 
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THREE STRINGER IMPACT TEST SETUP 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


MICROSECTION OF DAMAGE DUE TO 
IMPACT BETWEEN STRINGERS 




ORIGINAL PAGE IS 
OF POOR QUALITY 


AS4/1806 T STIFFENED PANELS 
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INTEGRAL PAD-UP 


TEE STIFFENED PANEL COMPRESSION TESTS 

MATL: AS4/1806 TAPE PANEL WEIGHT: 0.034 LB/IN2 
























AS4/180C FABRIC J-STIFFENED DESIGN 



NXULT = 22,000 LB/IN 



J STIFFENED PANEL COMPRESSION TESTS 
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541.3 26020 0.0046 





















BLADE STIFFENED PANEL COMPRESSION TESTS 

MATL: IM7/8551-7 TAPE PANEL WEIGHT: 0.027 LB/IN2 



POST-IMPACT 


























COMPARISON OF COUPON DATA TO BLADE 
STIFFENED PANEL DATE 



2.0 3.0 4.0 5.0 6.0 

DAMAGE AREA (IN 2 ) 


BASELINE BLADE STIFFENED DESIGN 
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ORIGINAL PAGE IS 
OF POOR QUAUTY 


DAMAGE TOLERANCE IMPROVEMENT CONCEPTS 
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AS4/2220 C0UP0I\1 AND BLADE STIFFENED 

PANEL DATA 
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IMPACT DAMAGE AREA (IN 2 ) 


SCHEMATIC OF 4-STRINGER PANEL TEST ARTICLE 
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STATIC STRENGTH COMPARISON OF 
4-STRINGER PANELS 
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Dent Depth (mm) .864 1.70 4.09 thru 
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ORIGINAL PAGE IS 
OF POOR QUALITY 






HIGH VELOCITY IMPACT TESTS 




COMPONENT IMPACT TESTS 
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STIFFENED PANEL WITH CUT-OUT 



SECTION A 


STIFFENED PANEL WITH CUT-OUT IMPACT 
DAMAGE STRENGTH TEST 





PANEL TEST RESULTS 
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BOX BEAM COMPONENT 



ORIGINAL PAGE IS 
OF POOR QUALITY 






FULL SCALE RUDDER TEST PROGRAM 



I. STATIC / FATIGUE TEST 


• TESTED TO DESIGN ULTIMATE 
LOADS NO VISIBLE DAMAGE 



III. STATIC TEST 70 FAILURE 

. RUDDER SURFACE IMPACTED 4 
LOCATIONS 

• FAILURE OCCURRED @125% 
OF DESIGN ULTIMATE BENDING 
MOMENT. 


• SUBJECTED TO AN ACOUSTIC / 
THERMAL EQUIVALENT OF 2 
LIFETIMES 

- NO VISIBLE DAMAGE 

- SOME DELIMITATIONS ALONG 
RISERS DISCOVERED AFTER 
ONE LIFETIME (POSSIBLY 
THERE SINGLE INITIAL MAN- 
UFACTURING). NO GROWTH 
OF DELAMS, HOWEVER, FROM 
1 LIFETIME TO 2. 
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SUMMARY 


LU 


QC 

LU 

LU 

G 

O 

I— 

LU 

§ 

o 

LU 

G 

< 


CO 

LU 

H 

CO 

o 

CL 

o 

o 


QC 

o 

§: 


LU LU 
QC GQ 

< LU 
CO CD 
I- < 
CO ^ 

<c < 

9= S 


LU 

Sc 


LU 

> 

Sc 

-J 

LU 

QC 


CO 

h" 

CO 

LU 


o 

£ 


o 

CL 

Z> 

o 

o 

QC 

o 

LL 

G 

QC 

< 

G 

Z 

£ 

CO 

> 

QC 

I— 

CO 


G 

LU 

I 

co 

GG 

£ 

CO 

LU 

LU 

QQ 


G /n 
LU 

QC CO 


Z> 

o 

UJ 

QC 


LU 

G 


LU ^ 
QC CO 


< 

CO 

h~ 

CO 

LU 


CO 
bLU 


LU 

LL 

LL 

LU 


QQ 

< 


h- <; 

Ql QC -r 

ItjH 

z o LU 
LU UJ ^ 
Z ■ 
O 

CL 


Of= 

CO 


ii 

fE CO 


o 

O 

QQ 


_ LL 

< ^ 

p LU 

3 CO CL 

CO LU CO 


> 

LL 

QC 

LU 

> 

o 

H 

G 

LU 

QC 

D 

o 

LU 

QC 

LU 

QC 

< 

CO 

Pfc 

I- DC 

O <3 

< LU 
Ql H 


z < 

»i 

go 

si 

O CO 


254 



CO 

111 

h 

w 

0 

CL 

s 

0 

o 

Q 

111 

o 

< 

< 

Q 

o 

< 

CL 

s 


DC 

0 

1L 

0 ) 

h 

0 ) 

Ul 

h 

Q 

DC 

< 

0 

Z 

< 

H 

CO 


h 

GC 

< 

Q. 


CO 

111 

3 

CO 

w 

-I 

< 

DC 

3 

h" 

O 

3 

DC 

h 

C0 

UJ 

(3 

< 

_l 

III 

CO 

3 

U. 


a 

D 

O 

o 


w 

0 

a 


a) 

c 

b 2 

• Q. 

4 5 



D 

*o 

CD 

E 

E 

o 

o 


CD 

c 

*0 

0 

CD 


255 



Impact Damaged Composites, Part 1 : Damage Simulation and Strength Predictions 
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Objective: Identify Critical Impact Threats for Fuselage 
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Impact Designed Experiment Involving 

Multiple Variables 




258 




THE DESIGN of EXPERIMENTS (DOE) TECHNIQUE 














THE DESIGN of EXPERIMENTS (DOE) TECHNIQUE 
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Critical Impact Locations 
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ORIGINAL PAGE IS 
OF POOR QUALITY 







1st Sandwich Impact Damage Resistance Designed Experiment 
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IGINAL PAGE IS 
POOR QUALITY 












5 MHZ Pulse-Echo Time of Flight C-Scans 
Rohacell Foam Sandwich Panels 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


273 







- 2_cx> b ~ 




Eight Run DOE: 500 kHz TTU Results 

Response Variable: Histogram Average Attenuation (db) 



sajenbs jo stuns 


Contrast Labels 











Eight Run DOE: Dynatup Impact Data 

Response Variable: Dent Depth 
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Contrast Labels 




Eight Run DOE: 500 KHZ Impact TTU Results 

Response Variable: Damage Diameter 
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Contrast Labels 




Impact Damage Resistance and Residual Strength 
of Sandwich Structure for Aircraft Fuselage 
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Impact Damaged Composites, Part 1 : Damage Simulation and Strength Predictions 
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• DAMAGE STATE CHANGES 

• FAILURE MECHANISMS CHANGE 


Predictions and experimental results for 12.7 cm wide specimens, 
AS6/3501-6,(45/0/-45/90) 5S ,and ply thickness = 0.0188 cm. 
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Damage Diameter, cm (in) 





Impact Energy (in.-lbs.) 






CAI Strength verses Damage Area 








Theoretical damage tolerance curves for two material types 



Damage Diameter, cm (in) 








NEED FOR ENHANCED DATA EVALUATION 
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FAILURE MODE IDENTIFICATION 



Example of Instrumented Impact Results 
and Application To Impact Modeling 
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Figures. Finite specimen width effects for IM6/3501-6 moduli, (45/0/-45/90) n <j (n>3), 
undamaged compressive strength = 478 MPa, and ply thickness ■ 0.0188 cm. 
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Predictions of the effects of undamaged compressive strength for 
(45/0/-45/90) nS (n:>3), IM6/3501-6 moduli, and ply thickness = 0.0188 cm. 



(!S>0 BdW *ivo 


295 


Damage Diameter, cm (in) 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


CAI Strength vs. Damage Area 

Gr/BMI (45/90/-45/0)3s 



Damage Area (sq. in) 



CAI Strength vs. Impact Energy 

Gr/BMI (45/90/-45/0)3s 
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Impact Energy (In-lb) 



RECOMMENDED CAI STRENGTH TEST 
EVALUATION SCHEMES 
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TENSION AFTER THROUGH PENETRATI 
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DELAMINATION 
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Comparison of Slit and Penetration Strengths 
Material = IM6/3501-6, w/d = 4, w = 3.5 
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For Each notch type: ■ penetration §3 slit 
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RECOMMENDED STANDARD COUPON 
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to Fuselage Structural Performance 
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DAMAGE SIZE vs. RESIDUAL COMPRESSION STRENGTH 

(Single Resin Systems) 
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IMPACT DAMAGE SIZE (IN 2 ) 



COMPRESSION STRENGTH AFTER IMPACT 

vs. 
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COMPRESSION STRENGTH AFTER IMPACT (KSI) 




COMPRESSION STRENGTH AFTER IMPACT 

vs. 

STRAIN ENERGY RELEASE RATE 
(Thermoset-Thermoplastic Blends BASF) 



( z ui/r) 31VU 3SV3T3U A9U3N3 NlVdlS 


322 


50 100 150 200 250 300 350 

COMPRESSION STRENGTH AFTER IMPACT (MPa) 
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IMPACT DAMAGE SIZE ( IN 




MODE I vs. MODE H STRAIN ENERGY RELEASE RATES 

(Single Resin Systems) 
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MODE I STRAIN ENERGY RELEASE RATE (IN-LB/IN 2 ) 



MODE I vs. MODE D STRAIN ENERGY RELEASE RATES 
(Single Resin and Interieafed Systems) 
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MODE I STRAIN ENERGY RELEASE RATE (IN-LB/IN 




COMPRESSION STRENGTH AFTER IMPACT 

vs. 
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COMPRESSION STRENGTH AFTER IMPACT (KSI) 


COMPRESSION STRENGTH AFTER IMPACT 

vs. 

MODE I STRAIN ENERGY RELEASE RATE 
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COMPRESSION STRENGTH AFTER IMPACT (KSI) 




DAMAGE SIZE vs. STRAIN ENERGY RELEASE RATE 
(Single Resins and Interleafed Laminates) 
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IMPACT DAMAGE SIZE (IN 




DAMAGE SIZE vs. RESIDUAL COMPRESSION STRENGTH 
(Single Resin and Interleafed Laminates) 
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IMPACT DAMAGE SIZE (IN 




DAMAGE SIZE vs. IMPACT FORCE 
(AS4/3501-6 and IM7/8551-7) 
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IMPACT DAMAGE SIZE (IN 





DAMAGE SIZE vs. RESIDUAL COMPRESSION STRENGTH 

(AS4/3501-6 and IM7/8551-7) 
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IMPACT DAMAGE SIZE (IK 
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DR. VICTOR L. CHEN 
PRINCIPAL ENGINEER 
COMPOSITES R&D 
DOUGLAS AIRCRAFT COMPANY 
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COMPRESSION AFTER IMPACT TEST 
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SUN AND RECHAK ON IMPACT ON ADHESIVE LAYERS 117 



340 


FIG. 14 — Transverse shear stress distribution in a ( 90'/0</90<] lay-up at 10 ps. 
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FIG. 18 Effect of contact area on shear stress distribution of a [90 s/0 i/90 J laminate. 



IMPACT VELOCITY (M/S) 



ffect of initial stresses on the residual strength 
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Figure 3. Support Conditions for Impact Tests 
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INTERNAL EFFECT OF A EFFECT OF A UNIFORMLY 

LOAD UNIFORMLY STIFF FLANGE FLEXIBLE FLANGE 

PULLOFF LOAD T 7 
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Figure 6. Effects of Internal Loads on Bonded Stringer 
Interlaminar Tension Stresses 



TABLE 3 

RESIDUAL COMPRESSION STRENGTH OF POSTIMPACT STIFFENED PANELS 


PANEL| 

ID 


10 


12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 


MATERIAL 


T700/3620 

T 700/3620 

T700/3620 

T700/3620 

CARBON/ 

EPOXY 

TAPE 

CARBON/ 

EPOXY 

CARBON/ 

EPOXY 

AS4/3501-6 


AS4/3501-6 

AS4/3501-6 

AS4/3501-6 

AS4/3501-6 

AS6/5245-6 

I M6/ 18081 
IM6/1808I 
I M 6/ 18081 
IM6/1808I 
IM6/1808I 
IM6/1808I 
IM6/1806I 
IM6/10O8I 
IM6/1B08I 
IM6/1608I 
IM6/1808I 
IM7/8551-7 
I M 7/855 1-7 
IM6/180BI 
IM6/1808I 


LENGTH, 
WIDTH 
cm (IN.) 


40(15.75) 
39(15.4) 
40(15.75) 
39(154) 
40(15 75) 
39 (15 4) 
40(15.75) 
39(15.4) 
51 (20) 
34 3(13.5) 

48.1 (18.9) 
36.6(14 4) 

48.8(18.9) 
57 2 (22.5) 

61 (24) 
45.7(18) 


61 (24) 
45 7(18) 

61 (24) 
45.7(18) 


61 (24) 
45.7(18) 

61 (24) 
45.7(18) 


61 (24) 
457(18) 


THICKNESS 
SKIN. FLANGE 
(NO. OF PLIES) 


51 (20) 
48(19) 
51 ( 20 ) 
48(19) 
51 ( 20 ) 
48(19) 
51 ( 20 ) 
48(19) 
51 (20) 
48(19) 
51 (20) 
48(19) 
51 (20) 
48(19) 
51 (20) 
48 (19) 
51 (20) 
48(19) 
51 (20) 
48(19) 
51(20) 
48(19) 
51 (20) 
46(19) 
51 (20) 
48(19) 
142 (56) 
84(33) 
142(56) 
84(33) 


18.9 
18, 8 

18.9 

18.9 
41,41 

41, 41 

48, 48 

48,24 

48,24 
48. 24 

48. 24 
48. 24 

48, 24 

39. 14 
54. 14 
66, 14 

40, 14 
54,36 
54,36 
54. 18 
54, 18 
54, 18 
54, 18 
54, 18 
63, 18 
63, 18 
54, 18 
54, 18 


IMPACT 

LOCATION 


MID* 

STRINGER 

STRINGER 

EDGE 

MIDBAY 

STRINGER 

EDGE 

MIDBAY 


MIDBAY, 


MID- 
STRINGER 

MIDBAY, 

MID 

STRINGER, 

STRINGER 

EDGE 

MIDBAY 


MIDBAY, 
MID- 
STRINGER, 
STRINGER 
EDGE 
CENTERS 
OF TWO 
BAYS 
CENTERS 
OF TWO 
BAYS 

MIDBAY. 
MID 
(STRINGER, 
TRINGER 
EDGE 
MIDBAY 

MIDBAY 

MIDBAY 

MIDBAY 

MIDBAY 

MID- 
STRINGER 
MID 
[STRINGER 
MIDBAY 

MID- 
(STRINGER 
MIDBAY 

SIDE OF 
BLADE 
MIDBAY 

MIDBAY 

MIDBAY 

MIDBAY 


IMPACT 
ENERGY 
J (FT-LB) 


4.J (3.21) 

4 (3.05) 

4.2(3 15) 

1226 
(9.05) 
12.2 (9 0) 


14 2 

(10.51) 

13.4 

(987) 

135.5 

( 100 ) 

EACH 


135.5 
( 100 ) 

112.5 
(83) 

EACH 


81.3 

(GO) 

EACH 

54.2 

(40) 


FAILURE 
STRESS 
MPa (KSQ 


135.5 

( 100 ) 

EACH 


135.5 
(i00) 
135.5 
(i00) 
1 J5.5 
( 100 ) 
135.5 
( 100 ) 
135.5 
( 100 ) 
135.5 
( 100 ) 
135.5 
HOO) 
1355 
(100) 
135.5 
( 100 ) 
271 
( 100 ) 
144 
(106) 
135.5 
( 100 ) 
135.5 
HOO) 
135.5 
( 100 ) 
135.5 
( 100 ) 


292 (42.3) 
361 (52.3) 
477(69.1) 
271 (39.3) 
225 (32.6) 
267 (39) 
321 (46.5) 
267 (39) 
323 (47) 
184 (26.7) 
425 (617) 
302 (43.8) 
326 (47.3) 


FAILURE 

STRAIN 

(PERCENT) 


0 385 
0.385 
0.494 
0.298 
0.52 

0.37 

047 

0.37 


0.38 


0.38 


0 32 


0.35 


0.39 


0.433 
0.400 
0 50 

0 444 

0.333 

0.689 


0.410 

0.424 


NO. OF 
STIFFENERS 


3. HAT 

3. HAT . 

3. HAT 

3. HAT 

3. BLADE 
ADHESIVELY 
BONDED 
3. BLADE 
ADHESIVELY 
BONDED 
3, HAT 


3.CHANNEL 

[MECHANICALLY 

FASTENED 


3.CHANNEL 
|MECHANICAILY 
FASTENEO 
3.CHANNEL 
[MECHANICALLY 
FASTENED 


3.CHANNEL 

[MECHANICALLY 

FASTENED 

3.CHANNEL 

[MECHANICALLY 

FASTENED 

3.CHANNEL 
[MECHANICALLY 
FASTENED 


3. BLADE 

3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDEO 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
3, BLADE 
ABONDEO 
3, BLADE 
A-BONDED 
3, BLADE 
A-BONDED 
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PRELIMINARY DAMAGE TOLERANCE CRITERIA 
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Mechanism 1: Tension, no delamination or shear 



Mechanism 2: Tension and shear, tension dominated 



Mechanism 3: Tension and shear, shear dominated 



Mechanism 4: Shear, small amounts of tension 


Figure 1. Fracture Mechanisms 
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DAMAGE TOLERANCE 
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STRUCTURAL MECHANICS Douglas Aircraft 



DAMAGE AREA/SPECIMEN SIZE 
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RESIN PROPERTIES Douglas Aircraft 

NAS1-18062 
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Puhc, Plhc 
F(0), F(90) 
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Hampton, Virginia 
March 19 Sc 20, 1991 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
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EXPERIMENTS 
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\ASC88\SLDE1B 



SEM PHOTOGRAPHS OF DAMAGE 
5.08-cm-dia Indenter With 589 MPa Pressure 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


Delamination 
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ORIGINAL PAGE IS 
OF POOR QUALITY 














DAMAGED LAYERS 1-9 

5.08-cm-dia. indenter and 267-KN contact fore© 



Layer 9 







DAMAGED LAYERS 10-18 

5.08-cm-dia. indenter and 267-kN contact force 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


layer 16 Layer 17 







MAGNIFIED IMPACT DAMAGE IN 7TH LAYER 

2.54-CM-INDENTER AND 54.3-KN IMPACT FORCE 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


2.5 mm 0.076 mm 
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127 2.54 6.08 

Indenter diameter, cm 



FIBER BREAK PROFILES FROM INDENTATION TESTS 

<5 Indent er (£ Indenter 

| Half-length of cracks, c, mm | Half-length of crocks, c. mrr 
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AVERAGE CONTACT PRESSURE INDENTS! DIAME 

OF 648 MPa OF 6.08 CM 
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FOR TRANSVERSELY ISOTROPIC BODIES - 
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4.52 GPa from indentation measurements 
4.69 GPa from elastic constants 

3.98 GPa from contact radii measurements (previous investigation) 




FAILURE UNDER COMPRESSION AND 
HYDROSTATIC PRESSURE 



O 


376 


\WORKSHOP\SUDES\SLIDE1 




COMPRESSION TEST FOR SHEAR STRENGTH 
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MAXIMUM STRESS CONTOURS - LOVE'S SOLUTION 
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Normalized distance from center Normalized distance from center 
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MAXIMUM SHEAR STRESS CRITERIA. 
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IMPACT TESTS 
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EXPERIMENTAL APPROACH - 
RESIDUAL STRENGTH TESTS 



\JCAS9a\$uoeiBJCA 



ANALYTICAL APPROACH 
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EFFECT OF IMPACTER SHAPE ON IMPACT FORCE 
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ELECTIVE KINETIC B«GY, Mvf/2, J 




COMPARISON OF DETECTABLE IMPACT DAMAGE 

25.4-mm-DIA. IMPACTER 
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\WORKSHOP\SUDES\SLIDE7C 




IMPRESSION DEPTHS FOR FWC 

25.4-mm-DIA. IMPACTER 
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IMPACT FORCE VERSUS EFFECTIVE KINETIC ENERGY 

25.4-mm-DIA. HEMISPHERE INDENTER 



390 


\WOftKSHOP\SUDES\SUDE3CiCA 




EFFECT OF MASS & VELOCITY ON IMPACT FORCE 

25.4-mm-DIA. HEMISPHERE INDENTER 

200 l" l I — ITT r- i 1 f — i — i — » ■ 
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RADIOGRAPHS OF IMPACT DAMAGE FOR VARIOUS INDENTERS 



ORIGINAL PAGE IS 
OF POOR QUALITY 
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STRENGTH REDUCTION FACTOR 
VERSUS IMPACTER DIAMETER 
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STRENGTH REDUCTION FACTOR FOR 
NONVISIBLE DAMAGE CRITERIA 
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10 20 40 100 200 400 1000 2000 

EFFECTIVE KINETIC ENERGY, Mv?/2, J 





TENSION STRENGTH FOR HEMISPHERE INDENTERS 
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STRENGTHS WITH SURFACE CUTS 

c/a - 1.0 
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\UCLA89\SLIDE42 




TWO-PART FAILURE WITH SURFACE DAMAGE 



O 

00 


< 

d 


3 


397 


FIRST-LIGAMENT FAILURE REMAINING-LIGAMENT FAILURE 



EFFECT OF IMPACTER SHAPE ON DAMAGE DEPTH 

IN RADIOGRAPHS 
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EFFECTIVE KINETIC ENERGY, Mv?/2, J 
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BASIS FOR USAF AIRCRAFT 
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FORCE MANGEMENT 



86-(MCS)#80/1 1 A-5H 
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PROBABILITY OF FAILURE 
IN ONE LIFETIME FOR 
A SINGLE AIRCRAFT 



86-(MCS)#80/1 1 A-51 7 
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NON-NUCLEAR WEAPONS 

EFFECTS ANALYSIS • SUBCOMPONENTS 




DESIGN DEVELOPMENT TESTS 
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DESIGN DEVELOPMENT TESTS 
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86-(MCS)#80/11A-5122 
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86-(MCS)#80/11 A-511S 
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TESTS MEET OBJECTIVES 
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STRAIN GAGING TO • STRAIN GAGING TO 

CORRELATE WITH CORRELATE WITH 

DESIGN DEVELOPMENT DESIGN DEVELOPMENT 

TESTS TESTS 
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TO COMPOSITE STRUCTURES 



RISK OF USING B-BASIS ALLOWABLE 
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PROBABILITY OF FAILURE 
IN ONE LIFETIME FOR 
A SINGLE AIRCRAFT 
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Damage Tolerance of Composites 
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Ray Horton 

Boeing Commercial Airplane Group 
Seattle, Washington 
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Air Force Damage Tolerance 
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Manufacturing Flaw /Damage Sources 
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In-Service 

Flaw /Damage Sources 
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Repair — processing and assembly 

• Similar to manufacturing consideration 



Concerns and Considerations 
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Fastener hole cracks 
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Impact and penetration should blanket this case 



Initial Flaw/Damage Assumptions 
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(2) This requirement also accounts for delamination that might occur 
a result of in-service repair 



Impact Damage Assumptions 
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IMPACT ENERGY, ft-lbs 




Residual Strength Load Requirements 
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the required residual strength load level. need not be greater than 1.2 times the maximum 
load in one lifetime, if greater than design limit load 
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Damage Growth Detection and 
Restoration Cycle for Metal Structure 
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SERVICE LIFE 


Impact Damage and Requirement 

Composite Structure 
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Conservative Assumptions 
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Industry and Air Force Participation 
and Concurrence 
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General acceptance 
Compliance requirement realistic 



FAA Advisory Circular AC-107A 
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Boeing Commercial Airplane Design Criteria 
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visible from a distance of 5 feet with the unaided eye under 
normal structural inspection conditions. 



Boeing Commercial Airplane Design Criteria 


O) 

c 

CD 

CO 

o 

■5 

E 


o 

c 

_ T3 
T3 0 
£Z 
03 


T 3 

03 

O 


O 

0 

CL 

0 


0 cb 

4— » 

0 CO 

E o 

a3 

■5 CL 


c 

'0 

-t— ' 
0 
D 
0 

0 


•“ 0 
CD C 
C O 

S 4 -> 
£ 0 
o o 


0 c 

0 Q.^ 

SZ 0 c 

w. 

T 3 •+■ 

C 03 c 
3 h= t 

a>^ S 

° ■!= 

-t-> 0 c 

0 o 

0 ■£ £ 
0 .2? 
out 
0-0 0 
x cz c. 
a) E 0 


0 0 


"D 

c 

D 

o 

6 


5 ® 

it 

55 2 


CD 


0 





0 

c 

0 

n 

1 

O O 
O O 

0 0 


0 

E 

■4 — * 

O 

c 

LO CO 

r- ^ 



0 





ZJ 

CL 






£ 





C 

0 






0 






D 

0 





0 

0 





"0 

E 

0 

c 

LO LO 
« • 

LO LO 

• V 


JZ 

0 

~o 


C\J C\J 

' r “ T— 


0 







’0 





v_ 

-t— > 

X 





0 






CD 






C 



0 



c 

0 

0 

0 

c 

0 

§ s 

n .y 

0 g 


Jz 

O) 

t= 

’0 

•3 r 

■3 r 



D 

0 

0 0 

0 0 


0 

CO 

CL 

x > 

x > 


4 1 * 

T3 

0 






0 






O 

Ql 




0 


X 




E 


0 




1 — 


0 

0 

Q. 

>% 


>, 

1 — 

0 

CL 

0 

0 

Sl/ 

s— 

D 

O 

-4— » 
0 


E 

JQ 

0 

Jl 

-f— » 

13 

i_ 

i_ 

D 

- - 

CL 

0 

> 

0 

0 

-4— » 

O 


"O 

0 

CD 

r- 


D 


0 

E 

few 

0 

H— » 


X 

0 

C 

E ' 

CO 


Li_ 

0C 

JZ 

1 — 





CD Q_ . 








£ 

to 


co 

o 


441 


load and not require immediate structural repair following the maxi- 
mum energy strike occurring at the considered location once in the 
life of the airframe. A 
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Damage Growth and Residual Strength 
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Typical Large 
Aircraft Multirib 
Wing Construction 




Building-Block Test Approach 
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Coupon Basic Property Test Matrix 
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Location of Delaminations in 3-Stringer Panels 
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Impact Damage on 3-Stringer Panels 

Ultrasonic Pulse Echo Readings 
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1 2 0 0 - in - lb impacts 
1 -in-dia tip 





Impact Damage on 3-Stringer Panel 

Ultrasonic Pulse Echo Readings 
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Multiple Impact Internal Stringer Flange 

Damage Impact Damage 





Multiple Impact Static Test Results 
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H Single impact 1200 in-lb 
fH Multiple impact 1200 in-ib + 240 in-lb 
Adjusted value 



Damage Growth Pattern 

DSN 17 



TG1077 
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THERMOPLASTIC - PEEK APC - 2 
First Panel After Initial Consolidation 
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THERMOPLASTIC - PEEK APC - 2 

Panel After Tool 

Rework and Reconsolidation 
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Comparison of Post-Impact Failure Strain 
AS4/APC-2 (PEEK) Versus AS4/3501-6 
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Fatigue Test Results 
of Impacted Laminates 
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Residual static strength | y as6^2o-3 40/5OH0 



Task II 5-Stringer Test Panels 

Prior to Test 
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BLADE-STIFFENED PANEL l-STIFFENED PANEL 



Typical Blade-Stiffened Panel Failure 

5-Stringer Panel 
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SKIN SIDE STRINGER SIDE 





Typical l-Stiffened Panel Failure 



SKIN SIDE STIFFENER SIDE 




Northrop Wing Box Test 
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3-Stringer Panel Design 
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Design load: 25k /in 
Ultimate design strain: 0.005 
Material: AS4/3501-6 
Nominal ply thickness: 0.0073 
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Multispar Wing Box Failure Summary 
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Boeing Wing Box Test 
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Side Elevation View of Test Setup 
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Multirib Wing Box In Loading Fixture 

Installation of Strain Gages 
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Multirib Wing Box Test Sequence 
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• Combined ^ Video 

j | Strain survey during load ^ High speed video 

at 10% intervals j 

O Impact damage in five places A Still photographs 

£ Impact damage in one place ^ Pulse echo inspection 
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Air Force Damage Tolerance Program Results 


to 


CO 

• 4—1 

c 

0 

£ 

0 

u . 

’d 

cr 

0 

c 
o 
"■+— » 

g 

o 

0 

Cl 

0 

0 

o 

c 

0 

0 

o 

» 

0 

CD 

0 

£ 

0 

"O 


c 

0 

£ 

jz 

# co 

5 

0 
• 4— 1 

CO 

LU 


0 

■ 4—1 

0 

-t — > 

CO 

c 

o 

£ 

0 

0 


o 

0 

o 

Q_ 

CL 

0 

CO 

0 

O 

0 

JD 

1 

CD 

C 


D 

-Q 

« 0> 

O O 

S J 

3 a 
T3 E 

5 ° 

0 O 


c 

o 


c 
0 

E co 
Q- o 
O 

0 o 


> 

0 


0 

CL 


0 

CL 

D 

0 

0 

0 

s _ 

CO 

c 

o 

£ 

0 

0 


0 

0 
-*— * 

0 


O 
V- > 
0 

_0 

CL 

O 


0 


ZJ 

O 


Q 0 


O is 

c 
o 


JZ 

0 

> 


0 
O 

0 
v _ 

0 

o 
0 

0 
JZ 

o 

0 
CD 
0 

£ 

0 
0 

— W 
o 0 


0 

CD 

0 

£ 

0 

■a 

0 

> 

o 

CL 

£ 



■0 

5 


0 

CL 

O 

0 

0 

£ 



0 


0 

c 


"0 

0 

0 

0 

tr 

0 

o 

£ 

0 

0 

0 

O 

£ 

0 

JZ 

0 

CL 

0 

£ 

o 

> 

0 

Q_ 

0 

0 

C 

0 

0 

0) 

O 

’■+— > 

c 

0 

o 

0 

0 


•4 — » 

> 

0 

C 

C 

o 

*4— » 

0 

£ 

o 

-4—i 

0 

CL 

0) 

CD 

o 

0 

0 

> 

c 

£ 

0 

0 

0 

0 

~o 

Q 

H 


• 

• 


0 

o 

c 


0 

> 

0 


0 

U) 

0 

£ 

0 

"D 

0 


C 
0 3= 
0 0 
0 JD 

S' W 
£ 0 


0 


0 


O 0 
>4 Z5 
HE O 

n a 

0 o 

0 co 
O C 
0 2 

0 ^ 
JZ "D 
O C 

0 03 

£ 0 

° 'a) 
' : : — 

c 

0 0 

E OT 
52 O 


0 

0 

0 

0 

< 


CL 

£ 

o 

o 


472 


A1891.09 


Report Documentation Page 

Srvre Aon»o$i»abon 

1. Report No. 2. Government Accession No. 

NASA CP- 10075 

3. Recipient's Catalog No. 

1 

4. Title and Subtitle 

• 

NASA Workshop on Impact Damage to Composites 

5. Report Date 

July 1991 

6. Performing Organization Code 

7. Author(s) 

C. C. Poe, Jr., Compiler 

8. Performing Organization Report No. 

10. Work Unit No. 

505-63-50-04 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665-5225 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Conference Publication 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 

14. Sponsoring Agency Code 


15. Supplementary Notes 


Primarily viewgraphs. 


16. Abstract 


This document is a compilation of the slides presented at the NASA Workshop on Impact Damage to 
Composites held on March 19 and 20, 1991, at Langley Research Center, Hampton, Virginia. The 
Mechanics of Materials Branch of NASA Langley Research Center sponsored die workshop. The 
objective of the workshop was to review technology for evaluating impact-damage tolerance of composite 
structures and identify deficiencies. Research, development, design methods, and design criteria were 
addressed. Actions to eliminate technology deficiencies were developed. A list of those actions and a list 
of attendees is also included. 


17 Key Words (Suggested by Author(sl) 

polymer-matrix composites 
aerospace structures 
impact damage 
residual strength 
imnact mechanics 

18. Distribution Statement 

Unclassified - Unlimited 
Subject Category - 24 

r 

19 Security Ciassif (of this report) 

Unclassified 

20. Security Ciassif. (of this page) 

Unclassified 

21. No. of pages 

483 

Lc. r nee 

A21 


NASA FORM 1C28 OCT 86 
















